growth plates are characterized by the orderly proliferation and maturation of chondrocytes in longitudinal columns, forming stratified zones of reserve, proliferative, maturing, and hypertrophic cartilage (Poole, 1991) . Hypertrophic chondrocytes secrete large amounts of a
Introduction denatured collagens (gelatin). It can cleave native collagens of type IV, V, and XI, and elastin, but not native Skeletal development requires the exquisite coorditype I collagen, proteoglycans, or laminins. Gelatinase nation of programs for cellular growth, differentiation, B can also cleave a variety of non-ECM molecules such apoptosis, extracellular matrix (ECM) remodeling, and as IL-1␤, substance P, myelin basic protein, and amyloid angiogenesis. Bones form by at least two distinct mecha-␤ peptide (reviewed in Vu and Werb, 1998) . nisms: intramembranous and endochondral ossification Gelatinase B has a restricted pattern of expression (Caplan, 1988) . Endochondral bone formation presents a that changes from development to maturity. It is freparticularly interesting developmental challenge. During quently expressed at sites of active tissue remodeling this process an avascular tissue (cartilage) is replaced and neovascularization. It is highly expressed during by one of the most highly vascularized tissues (bone) in embryonic development by trophoblast cells at the imthe vertebrate body. Endochondral ossification occurs plantation site and by osteoclasts (Reponen et al., 1994 ; in the growth plates and epiphyses of long bones. The Alexander et al., 1996) . Later, it is expressed mainly by inflammatory cells and in pathological processes such as inflammatory arthritis, tumor invasion, skin blistering diseases, corneal ulcers, and Alzheimer's disease (reGelatinase B-Null Animals Show Abnormal Development of Growth Plates viewed in Vu and Werb, 1998) . Gelatinase B is also implicated in invasive behavior in trophoblasts and metain the Long Bones Gelatinase B is highly expressed in osteoclasts; therestatic tumor cells.
In this study we have generated mice deficient in gelafore, we first examined whether these mice exhibited signs of defective osteoclast function such as ostetinase B by targeted mutagenesis and determined the consequences upon endochondral bone formation. opetrosis or altered trabecular bone density. Initial histologic and radiographic examination of young adult gelatinase B-null mice (2 months) revealed no obvious Results phenotype in the skull or axial skeleton. However, the long bones (tibia and femurs) of gelatinase B-null mice Gelatinase B-Null Mice Are Viable To inactivate the gelatinase B gene, part of exon 2 and were about 10% shorter than those of wild-type littermates (data not shown). all of intron 2 were replaced with a cassette containing the neomycin phosphotransferase cDNA (neo r ) driven Bone length is determined in part by the activity of the growth plate during endochondral bone formation. by the phosphoglycerate kinase (PGK) promoter ( Figure  1A ). The targeting construct was introduced into ZW4 Therefore, we examined growth plates of gelatinase B-null animals. Tibias, femurs, and metatarsals of homo-(129/Sv) ES cells by electroporation, and resistant colonies were selected with G418. Eight homologously tarzygous animals had microscopic abnormalities in their growth plates. We focused on the metatarsals of postnageted clones were identified out of 103 clones screened. Two independent correctly targeted clones were aggretal mice because of their small size and convenience; other appendicular bones (tibia, femur) had similar findgated with morulas of CD1 mice or injected into blastocysts of C57BL/6 mice. Chimeric males were mated with ings. Growth plates of gelatinase B-null mice had a lengthened zone of hypertrophic cartilage with no differeither CD1 or Swiss Black mice, and offspring were screened with Southern blots of tail DNA for germline ence in the reserve or proliferating zones ( Figure 2B ). The same abnormalites were seen in the metatarsal growth transmission of the targeted allele ( Figure 1B) . All of the studies were done using animals derived from the two plates of over 50 mice examined from two different backgrounds (129Sv/CD1 and 129Sv/Swiss Black). The hyindependent ES clones.
Intercrossing of heterozygous animals gave rise to live pertrophic cartilage zone in the gelatinase B-null metatarsals was about twice that of wild-type metatarsals at homozygous offspring with expected Mendelian ratios and with no obvious phenotypic defects. Homozygous birth (data not shown) and became more pronounced with the growth of the bones. By 3 weeks postnatal, it null animals were fertile and survived for at least 24 months. These mice were also viable on pure 129/Sv, was six to eight times as long in the null animals as in wild-type animals ( Figure 2C ). The cells in the length-C57BL/6, and FVB/N backgrounds. Homozygous null animals lacked gelatinase B activity in spleen cell lysates ened hypertrophic zone were morphologically normal, and the matrix calcified normally ( Figure 2E ). There was ( Figure 1C ). no difference in the thickness of the cortical bone. How-2C). Ectopic ossification proceeded rapidly, so that in some bones the entire zone of hypertrophic cartilage ever, the area of metaphyseal trabecular bone was somewhat shorter in the gelatinase B-null bones ( Figure  was ossified, leading to a large area of trabecular bone reminiscent of osteopetrosis ( Figure 2D ). However, this 2C). Cortical bone formed and extended normally and independently of trabecular bone in the null animals, osteopetrosis resolved with subsequent remodeling, producing normal appearing bones by 8 weeks (Figresulting in a collar of bone surrounding the nonossified lengthened hypertrophic cartilage, whereas wild-type ure 2F). hypertrophic cartilage is not surrounded by cortical bone ( Figure 2C ).
Hypertrophic Chondrocyte Differentiation Is Normal in Gelatinase B-Null Mice At 4 weeks of age, ossification in the gelatinase B-null animals was no longer limited to the distal end of the One mechanism for the lengthened zone of hypertrophic cartilage is an alteration in the proliferation or maturation hypertrophic cartilage. Ectopic areas of ossification began to appear within the hypertrophic zone ( Figure 2D) . of chondrocytes. The number of proliferating cells incorporating bromo-deoxyuridine (BrdU) in the growth This aberrant process appeared to be initiated by invasion of blood vessels from the periphery ( Figure 2D) , plates was similar in the homozygous null and wild-type animals at all ages examined (Figure 3 ; data not shown), which could be seen as early as 3 weeks of age (Figure indicating that increased proliferation was not a mechabmp-6, and col2A1 between the wild-type and gelatinase B-null growth plates at 1 and 2 weeks postnatal nism leading to the expanded zone of hypertrophic cartilage. BrdU-positive cells were also seen in the epiphyses (Figure 3 ; data not shown). The expression of ihh and bmp-6 was not detected in epiphyseal sites or in gelaof wild-type metatarsals at 2 weeks of age, where the secondary (epiphyseal) site of ossification had already tinase B-null growth plates after 3 weeks of age (data not shown) as observed previously in wild-type bones started. In the gelatinase B-null animals, the secondary ossification sites were delayed until 2.5 weeks of age (Iwasaki et al., 1997) . In contrast to these markers of early differentiation, collagen type X (colXA1), a specific (data not shown). However, by 3 weeks of age these sites were completely ossified, as in wild-type animals marker of all hypertrophic chondrocytes (Elima et al., 1993) , showed an expanded domain of expression cor-( Figure 2B ). Interestingly, there was no discernable increase in the hypertrophic cartilage zone in these epiresponding to the lengthened zone of hypertrophic cartilage ( Figure 3 ). This finding indicates that the cells presphyseal sites. ent in the greatly expanded hypertrophic cartilage zone A distinct pattern of stage-specific gene expression remained metabolically active. characterizes chondrocyte differentiation. Indian hedgehog (ihh) is expressed by mature and upper hypertrophic chondrocytes and is important in the control of chondroApoptosis of Hypertrophic Chondrocytes Is cyte maturation (Lanske et al., 1996; Vortkamp et al., Delayed in the Gelatinase B-Null Mice 1996). Bone morphogenetic protein-6 (bmp-6 ) is also During endochondral ossification, terminal hypertrophic expressed by upper hypertrophic chondrocytes, and chondrocytes adjacent to the invading capillaries uncollagen type 2 (col2A1) is expressed by chondrocytes dergo apoptosis (Farnum and Wilsman, 1989; Hatori et in the reserve, proliferative, mature, and upper hypertroal., 1995) . The enlargement of the hypertrophic cartilage phic zones. In situ hybridizations showed no differences zone could be due to altered hypertrophic chondrocyte death or tissue remodeling (ossification) at the calcified in the pattern of expression of mRNA transcripts for ihh, cartilage-bone interface. In both wild-type and gelatinase was followed by ectopic ossification, evident by 4 weeks of age, with chondrocyte apoptosis around the areas of B-null growth plates, apoptotic chondrocytes were found only in the terminal row adjacent to the ossification front ossification throughout the hypertrophic zone ( Figure 4D ). (Figures 4A and 4B) . This indicates that in the gelatinase B-null growth plates there was a delay in hypertrophic Cells at the Hypertrophic Cartilage-Bone Junction Express Gelatinase B chondrocyte apoptosis coupled with delayed ossification of hypertrophic cartilage. Gelatinase B could either High expression of gelatinase B was seen in two populations of cells: multinucleated osteoclasts on trabecular have a direct effect on apoptosis or on ossification.
By 3 weeks of age, when the hypertrophic zone had bone surfaces and smaller, mostly mononuclear cells at the transverse septae of the cartilage-bone junction lengthened up to 8-fold, aberrant apoptosis began in the middle of the hypertrophic cartilage ( Figure 4C ). This that lead the vascular invasion front ( Figures 5A-5D ). Figure 6A ). At 4 weeks after transplantation, the growth plates of treated mice did not show the aberrant ossification seen in their untransplanted littermates ( Figure 6A ). Cells expressing gelatinase B appeared at the cartilage-bone junction in the transplanted mice, some of which corresponded to TRAP-positive cells ( Figure 6B ). These data indicate that the critical cells are of bone marrow origin.
Release of an Angiogenic Activator from Gelatinase B-Null Growth Plate in Culture Is Delayed
The delay in ossification of the growth plates in gelatinase B-null animals may be due to either defective ECM remodeling or impaired angiogenesis, or both. We 2-week-old wild-type and gelatinase B-null metatarsals.
(E and F) TRAP staining of an adjacent section (E) and magnified
These were embedded into collagen gels containing the presence of gelatinase B-null cartilage did not affect the angiogenic response to wild-type cartilage (Figure implant or in osteopetrosis. The gelatinase B-null animals developed to term, survived normally after birth, 7E). When the gelatinase B-null cartilage was maintained in the collagen gel for more than a week, it began and were fertile. Therefore, while gelatinase B may play a role in implantation, bone resorption, and other physioto induce an angiogenic response ( Figure 7D ) consistent with the in vivo observation that the vascularization and logical processes, other enzymes either play a more dominant role or are able to compensate for the lack ossification of hypertrophic cartilage in the gelatinase B-null growth plate were only delayed until 3 weeks postof gelatinase B. Interestingly, deficiency of the closely related gelatinase A (MMP-2) does not appear to result natal.
in any significant developmental or physiological impairment (Itoh et al., 1997) . Discussion
In this study we have demonstrated a developmentally Gelatinase B Is Involved in Endochondral Bone Formation restricted function for gelatinase B. Our data show that gelatinase B functions in the control of hypertrophic
The lack of gelatinase B causes a delay in endochondral ossification. This is a complex and tightly regulated procartilage vascularization and ossification. Thus, we have identified a gene that specifically affects cartilage vascess. Normal long bone development requires proper growth and differentiation of cartilage cells (chondrocularization. This specific function of gelatinase B was unexpected. A role in implantation and bone resorption genesis), the regulated replacement of cartilage by bone (osteogenesis), and normal bone remodeling. Many gene has been postulated for gelatinase B owing to its high expression in trophoblasts and osteoclasts. Surprisproducts are involved in this highly orchestrated network of events. Parathyroid hormone-related peptide ingly, lack of gelatinase B did not result in failure to (PTHrP), its receptor, and the ihh gene product regulate in the gelatinase B-null animals was slightly delayed, but ossification was completed timely and there was no chondrocyte growth and maturation (Amizuka et al., 1996; Lanske et al., 1996; Vortkamp et al., 1996) . The abnormal accumulation of hypertrophic cartilage. transcription factor Cbfa1 is necessary for the differentiation of osteoblasts and the formation of bone matrix (Ducy et al., 1997; Komori et al., 1997; Otto et al., 1997) .
Angiogenesis Is Rate Limiting in the Process of Endochondral Ossification Defects in genes such as csf-1, c-fos, and c-src, which affect the function or development of osteoclasts, lead A critical step in the process of endochondral ossification is the vascularization of hypertrophic cartilage. This to defects in bone remodeling with consequent development of osteopetrosis (Yoshida et al., 1990; Soriano et process has three distinct components: the initial invasion of capillaries into the cartilaginous anlage to estabal., 1991; Grigoriadis et al., 1994) .
The gelatinase B-null mice displayed an abnormally lish the marrow cavity and the growth plates; continuing vascularization coupled with ossification of the growing large hypertrophic cartilage zone that was not due to abnormal growth and differentiation of chondrocytes, growth plates; and vascularization and ossification of the epiphysis. The initial capillary invasion appears to as shown by the normal pattern of BrdU incorporation and of the expression of ihh, bmp-6, and col2A1, markrequire the formation of a bone collar around the cartilage anlage. The cartilageous limbs in mice with a null ers of proliferating and maturing chondrocytes. In contrast, mice deficient in FGFR-3 and cGMP-dependent mutation in Cbfa1, a gene essential for osteoblast development, have calcified hypertrophic cartilage but no protein kinase II have enlarged hypertrophic cartilage zones secondary to abnormal chondrocyte proliferation bone formation and are not vascularized (Komori et al., 1997; Otto et al., 1997) . Lack of gelatinase B does not and differentiation (Deng et al., 1996; Pfeifer et al., 1996) . The gelatinase B-null mice had delayed endochondral appear to affect significantly the initial capillary invasion. In E18 embryos the cartilaginous metatarsals are not ossification. This defect was confined to the ossification of growth plate cartilage. There were no obvious effects yet vascularized, and in newborn mice the growth plates are already well established in both wild-type and gelaon ossification of the epiphyses or of intramembranous bones. The initiation of the epiphyseal ossification sites tinase B-null animals (data not shown). This does not exclude the possibility of a short delay in the initial capildeath, and mammary gland involution (Chen and Stricklary invasion that resolves within this period. The vasculand, 1997; as reviewed in Werb, 1997) and would prolarization and ossification of the epiphysis were also not vide a rational and straightforward role for gelatinase B significantly affected by the lack of gelatinase B.
in the growth plate. However, another possibility is that Gelatinase B deficiency greatly affected the vascularigelatinase B controls angiogenesis by generating an zation and ossification of the growth plates. This proangiogenic signal. In either case, lack of gelatinase B cess requires the resorption of cartilage matrix and the would result in the same phenotype: delayed chondrogrowth and invasion of capillaries followed by the depocyte apoptosis coupled with delayed vascularization sition of bone matrix by osteoblasts onto the partially and ossification. resorbed cartilage scaffold. Capillary ingrowth into the cartilage occurs by angiogenesis, as suggested by electron microscopic study of vascular casts of growth Gelatinase B Is a Key Regulator of Growth plates (Aharinejad et al., 1995) . This vascularization has Plate Angiogenesis to be tightly controlled and coordinated with the formaWe found that explants of 2-week-old wild-type hypertion of hypertrophic cartilage for normal bone developtropic cartilage (and the adjacent area of trabecular bone ment. Our data indicate that gelatinase B participates where gelatinase B is located) immediately released poin this regulation, since its absence leads to a delay tent angiogenic activity in in vitro angiogenesis assays, in hypertrophic chondrocyte apoptosis, vascularization, whereas there was a delay in the release of angiogenic and ossification, thereby leading to an abnormal accuactivity from explants of the corresponding tissue from mulation of hypertrophic cartilage.
gelatinase B-null animals. Thus, one function of gelaOne possible function of gelatinase B is to degrade tinase B is to generate angiogenic activators or to inacticartilage matrix. Lack of ECM resorption would then vate angiogenic inhibitors. Gelatinase B may release lead to retardation of capillary ingrowth for a purely angiogenic molecules sequestered in the ECM. There mechanical reason, i.e., lack of a cleared path. Alternais precedent for proteolytic release and activation of tively, cartilage matrix may act as a specific inhibitor to growth factors. For example, stromelysin, interstitial colvascular invasion. However, it is unlikely that the defect lagenase, and plasmin can degrade perlecan and rein gelatinase B deficiency is a deficit in generic ECM lease bound FGF (Whitelock et al., 1996) , and hepatodegradation. There are other proteinases expressed in cyte growth factor (HGF) is proteolytically activated by the growth plates, including collagenase-3, stromelysin-1, urokinase (Naldini et al., 1995) . gelatinase A, and the cathepsins (Brown et al., 1989;  What angiogenic activity might be regulated by gela- Ohsawa et al., 1993; Rantakokko et al., 1996) , that tinase B? Several putative angiogenic factors have been should produce ECM degradation. Cathepsin B and inidentified in hypertrophic cartilage, while resting hyaline terstitial collagenase have been shown to be sufficient cartilage is rich in antiangiogenic activities. aFGF, bFGF, for the degradation of type X collagen, the major collaand endothelial cell stimulating factor (ESAF) have been gen of hypertrophic cartilage (Sires et al., 1995) . An alterfound in hypertrophic cartilage (Brown et al., 1987 ; Jinnative hypothesis is that gelatinase B is required to gengushi et al., 1995) . Other angiogenic activities secreted erate specific signals that are essential for the control by hypertrophic chondrocytes in culture have been reof growth plate hypertrophic chondrocyte apoptosis ported, including transferrin and a 120 kDa factor that and/or vascularization and ossification.
is up-regulated by vitamin D (Alini et al., 1996; Carlevaro et al., 1997) . Gelatinase B may release these from intraHypertrophic Chondrocyte Apoptosis Is Regulated cellular or ECM storage sites, or it may generate (a) yet by Gelatinase B at the Growth Plate uncharacterized factor(s). During endochondral ossification, the terminal hypertro-
The delay in the release of an angiogenic activity from phic chondrocytes, the cells situated in the last row gelatinase B-null growth plates in culture is consistent of hypertrophic cartilage in proximity to the invading with the observation that the ossification of hypertrophic capillary loops, undergo apoptosis. Apoptosis of the cartilage in gelatinase B-null mice was only delayed, terminal chondrocytes may serve as a signal leading to not completely inhibited. Thus, other mechanisms for vascular invasion. Alternatively, vascular invasion may regulating angiogenic activities at the growth plates excause apoptosis of the chondrocytes in contact with ist. The normal development of bone must depend on a invading vessels, perhaps from dissolution of the surdelicate balance of angiogenic activators and inhibitors. rounding ECM. One significant finding in the gelatinase B-null growth plates is that even though there is an expanded area of hypertrophic cartilage, still only the Excess Hypertrophic Cartilage Is Remodeled terminal cells undergo apoptosis. This suggests that by Aberrant Chondrocyte Apoptosis and chondrocytes do not go through an automatic progresVascularization in the Gelatinase sion of proliferation, maturation, hypertrophy, and apo-B-Null Growth Plate ptosis, but that apoptosis of terminal hypertrophic chonAt 3 weeks postnatal, aberrant apoptosis was evident drocytes is functionally coupled to vascularization and in the enlarged gelatinase B-null hypertrophic cartilage. ossification so that only the cells in contact with the Although it is possible that this zone has become so vascular invasion front undergo cell death. Gelatinase large that nutrients in the center become limiting, this B could function to cause chondrocyte apoptosis and seems unlikely given the size of growth plates in larger indirectly allow vascularization and ossification. Proteinspecies such as human and bovine. The gelatinase B-null ases, and associated ECM degradation, lead to apoptosis in several systems including development, neuronal hypertrophic cartilage was also surrounded by a collar of cortical bone because intramembranous bone formacartilage (Anderson and Parker, 1966; Schenk et al., 1968; Lewinson and Silbermann, 1992) . Because gelation is unaffected in these mice, and cortical bone formation proceeded in an autonomous manner indepentinase B-expressing cells are intimately associated with the capillary invasion front and are important for the dently of the ossification of the hypertrophic cartilage. This collar of cortical bone could also limit the delivery remodeling of cartilage, we propose that these cells are chondroclasts. However, the possibility remains that of nutrients.
By 4 weeks of age, an abnormal pattern of vascularizacells expressing gelatinase B are responsible for the regulation of angiogenesis and that other cells, perhaps tion and ossification took place in the hypertrophic cartilage of gelatinase B-null mice. This vascularization and the endothelial cells themselves as has been suggested (Schenk et al., 1968) , are responsible for cartilage reossification occurred haphazardly within the zone and appeared to be initiated by capillaries invading from sorption and thus are the true "chondroclasts." the peripheral cortical bone, very much like the initial osseous junction belong to the macrophage/osteoclast riboprobes (ihh, colIIA1 , and colXA1 probes were described lineage. Although some of these cells express TRAP in Albrecht et al., 1997; gelatinase B probe was described in Reponen et al., 1994) . Slides were washed at a final stringency of 65ЊC
and may be osteoclast precursors, they may also be of in 2ϫ SSC, dipped in emulsion, and exposed for 3-7 days (for 33 Pa different mononuclear phagocyte lineage divergent labeled probes) or 1-2 weeks (for 35 S-labeled probes). Slides were from the osteoclast line prior to a commited precursor. Mice were injected intraperitoneally with 10 mg/ml BrdU (Sigma, St. Louis, MO) at doses of 0.01 ml/g 1 hr prior to sacrifice. Bones were cell type of obscure origin whose function is to resorb fixed and processed for paraffin sections as above. Slides were References immunostained with an antibody against BrdU using a kit from Zymed (South San Francisco, CA). Apoptotic cells were identified Aharinejad, S., Marks, S.C., Jr., Bock, P., MacKay, C.A., Larson, E.K., Tahamtani, A., Mason-Savas, A., and Firbas, W. (1995) . Microwith the TUNEL method with fluorescein-conjugated antibody using a kit from Oncor (Gaithersburg, MD). vascular pattern in the metaphysis during bone growth. Anat. Rec. 242, 111-122.
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